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Corn (Zea mays) is frequently infected by a soil fungal pathogen Aspergillus 
flavus. The fungus produces aflatoxins, which cause liver cancer. Maize inbred lines that 
are resistant to infection by A. flavus have been developed, and these inbred lines provide 
excellent models for studying molecular mechanisms of maize resistance to the fungus. 
MicroRNA-like RNAs (milRNAs) recently identified in A. flavus had been found to be 
correlated with aflatoxin production conditions, suggesting that the milRNAs might play 
a role in the regulation of aflatoxin production. In this research, small RNAs were 
isolated from kernels of maize (resistant Mp719 and susceptible Va35) inoculated with A. 
flavus NRRL 3357 (aflatoxigenic) and NRRL 21882 (nonaflatoxigenic) and then 
subjected to RNA sequencing. Sequencing had identified 69 A. flavus milRNAs and 691 
Z. mays miRNAs. The differential expression of some maize miRNAs revealed their 
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Aspergillus flavus, a fungus, is the major producer of aflatoxins, which have 
detrimental effects on agricultural products and their consumers. A. flavus infects a 
variety of crops under favorable conditions during pre- and post-harvest stages, and the 
fungus produces aflatoxins as secondary metabolites (Yu 2012; Klich 2007; Kensler et al. 
2011). The toxins, when ingested, can act as carcinogens in humans and animals, and 
they often lead to liver disease, malnutrition, and suppressed immunity (Yu 2012; Klich 
2007; Warburton and Williams 2014). In order to combat this worldwide issue, research 
attention has been focused on both A. flavus and its hosts to better understand the 
processes of infection and subsequent formation of aflatoxins (Warburton and Williams 
2014). 
Maize (Zea mays) is one of the major food crops in the world (Farfan et al. 2015). 
The plant was domesticated in Mexico about 9000 years ago (Xiao et al. 2017; Schnable 
et al. 2009). Maize is one of the crops infected by A. flavus, which causes ear rot in the 
plant and produces aflatoxins (Smart et al., 1990). Maize resistance to A. flavus and 
aflatoxin production is not fully understood. Research exploring the genetic basis for 
resistance is ongoing, but it has revealed the complexity of resistance mechanisms. It has 
been shown in some plants that miRNAs may respond to fungal infection, but the role of 
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maize miRNAs in resistance to A. flavus has not yet been explored (Kulcheski et al. 
2011; Baldrich et al. 2015). 
MicroRNAs (miRNAs) are small, non-coding RNAs that range from ~18-24 
nucleotides, and they are produced by plants and animals (Axtell et al. 2011, Lee et al. 
2010), while microRNA-like RNAs (milRNAs) are produced by fungi (Lee et al. 2010). 
Both miRNAs and milRNAs play important roles in post-transcriptional modification. 
They act as the guide for the RNA-induced silencing complex (RISC) to cleave target 
mRNAs or halt mRNA translation. They have been shown to play a role in growth and 
development, response to biotic and abiotic stresses, and activation of gene expression 
(Huntley et al. 2016; Zhang et al. 2014). The main difference between miRNAs and 
milRNAs occurs in their biogenesis, in that the miRNA/milRNA biogenesis mechanisms 
in plants, animals and fungi diverged with the different kingdoms (Lee et al. 2010). 
Neither the response of maize miRNAs to A. flavus infection, nor the response of A. 
flavus milRNAs to growth on resistant or susceptible maize lines has ever been explored. 
In this research two maize inbred lines, Va35 and Mp719, infected by A. flavus 
strains, NRRL 3357 and NRRL 21882 were used for the study of the host-pathogen 
interaction of maize and A. flavus. The inbred line Va35 is susceptible to aflatoxin 
production by A. flavus. The inbred line Mp719, developed at the USDA-ARS at 
Mississippi State, is resistant to aflatoxin production by A. flavus (Williams and 
Windham 2012). In comparison to Va35, Mp719 has significantly lower levels of 
aflatoxin accumulation, about fifteen times less (Williams and Windham 2012). NRRL 
3357 is an aflatoxigenic strain of A. flavus, and its genome has been recently sequenced 
(Nierman et al. 2015). NRRL 21882, a nonaflatoxigenic strain of A. flavus, lacks the 
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aflatoxin gene pathway, and it has been used as part of biological control agents against 
other aflatoxigenic strains of A. flavus (Mylroie et al. 2016). These different A. flavus 
strains have provided excellent materials for studying the host-pathogen interactions 






The genus Aspergillus was first described in 1729 by an Italian priest and 
biologist Pier Antonio Micheli (Amaike and Keller 2011; Bennett 2010). The 
morphology of the conidiophore reminded Micheli of the aspergillum, a device for 
sprinkling holy water, and it then became the name for these fungi. Aspergillus species 
are found all over the world, primarily in soil, where they grow as saprophytes and 
acquire nutrients from decaying vegetation (Bennett 2010). Their spores are airborne, so 
the fungi can spread and grow almost anywhere, providing that the environment has the 
appropriate moisture and a food source (Bennett 2010). Many Aspergillus species have 
industrial importance, such as production of citric acid by A. niger and fermentation of 
rice soy sauce by A. oryzae and A. sojae (Bennett 2010). In developed countries, A. flavus 
and its secondary metabolites, aflatoxins, present an economic problem because the 
contamination of the toxins decreases the value of affected crops. Estimated annual losses 
due to aflatoxins in US corn amount to $280 million, and when including cotton, peanuts, 
and tree nuts the losses total to more than $1 billion (Nierman et al. 2015). These figures 
do not even include other cost factors such as testing for toxins, handling contaminated 




A. flavus is a pathogenic fungus that grows in soil worldwide and affects a large 
variety of crops including cereals, oilseeds, spices, and nuts (Bennett 2010; Bhatnagar-
Mathur et al. 2015). The fungus is yellow-green in color, existing primarily in its asexual 
state as an anamorph, and it has been isolated from soil in all major biomes on earth 
(Klich 2007; Hedayati et al. 2007). The sexual state, or teleomorph, of A. flavus has 
recently been described from laboratory crosses as Petromyces flavus (Horn et al. 2009). 
This is likely the cause of the large number of polymorphisms among wild A. flavus 
populations (Hedayati et al. 2007; Horn et al. 2009). 
The microscopic features of A. flavus are shown in Figure 2.1. Conidiophores 
have thick, coarse, uncolored walls and are less than 1 mm in length. Vesicles are 
elongate when young (Figure 2.1B), later becoming subglobose or globose (Figure 2.1A), 
varying from 10 to 65 μm in diameter. Phialides can be uniseriate (Figure 2.1B) or 
biseriate (Figure 2.1A) with the primary branches up to 10 μm in length and the 
secondary up to 5 μm in length. Conidia are typically round with small spines and are 




Figure 2.1 Conidiophores of Aspergillus 
Conidiophores are shown with young (B) and old (A) vesicles. Image retrieved from 
Klich (2007). 
In the soil, A. flavus utilizes decomposing plant tissues as its food source by 
breaking down sugar polymers into usable energy sources (Bennett 2010). The conidia 
can become airborne or be carried by an insect vector, and if given the opportunity, A. 
flavus will infect many plant or animal hosts (Bennett 2010; Bhatnagar-Mathur et al. 
2015; Warburton and Williams 2014).  
Infection 
A. flavus can cause disease in both animals and plants (Bennett 2010; Hedayati et 




to the health effects of ingesting aflatoxins (Bennett 2010). Specifically, contact with 
fungal spores through inhalation, skin contact, or ingestion can lead to an allergic 
response, with populations in tropical climates being the most likely to be affected 
(Hedayati et al. 2007; Bennett 2010). A. flavus can also cause infections in the eye, the 
skin, upper respiratory tract, or other systems through the exposure of wounds by injury 
or surgery or through spread of previous infections (Hedayati et al. 2007). Varying 
resistance has been shown to antifungals, but A. flavus seems to be more virulent and 
more resistant than the other Aspergillus species (Hedayati et al. 2007). 
A. flavus infection leads to rot of the food products or roots of the plants, such as 
ear rot of the kernels in corn or yellow mold in peanut seedlings (Klich 2007). Infection 
can occur both at pre-harvest, due to damage, drought stress, or excessive rain, and at 
post-harvest, due to excessive rain and improper storage conditions (Bhatnagar-Mathur et 
al. 2015; Amaike and Keller 2011). Spores will infect the plant through the damage to the 
seed or during pollination, in the case of maize (Bhatnagar-Mathur et al. 2015). Since 
pre-harvest infection relies primarily on environmental factors, several strategies such as 
good agricultural practices, limiting injury to plants, competitive inhibition by 
nonaflatoxigenic strains of A. flavus, and resistant crop lines have been used to prevent 
infection and aflatoxin production (Klich 2007). There are various treatment methods for 
contaminated products that give mixed results (Klich 2007). 
Aflatoxin production 
Aspergillus flavus poses a serious problem for agriculture because of the 
production of aflatoxins. Aflatoxins are secondary metabolites produced by A. flavus, A. 
parasiticus, A. nomius, A. pseudotamarii, A. bombycis, A. ochraceoroseus, and 
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Emericella venezuelens (Yu et al. 2004; Klich 2007). Aflatoxins were first identified in 
the early 1960s in the wake of the “Turkey ‘X’ Disease” outbreak, when contaminated 
feed led to widespread death of turkeys, ducks, and chickens (Kensler et al. 2011). There 
are six different aflatoxins – B1, B2, G1, G2, M1, and M2 – that impact agricultural 
products and consumers (Klich 2007). A. flavus produces only B1 and B2, while A. 
parasiticus produces B1, B2, G1, and G2 (Klich 2007). Aflatoxins M1 and M2, found in 
cow’s milk, are by-products from the consumption of aflatoxins B1 and B2 (Yu 2012). 
The US Food and Drug Administration limits aflatoxins in human and animal food 
products to 20 ppb, except for milk, which is limited to 0.5 ppb (Kensler et al. 2011; 
Warburton and Williams 2014). There are similar regulations in many other countries 
worldwide, that affect the sale and trade of impacted agricultural products. In areas of the 
world that depend on subsistence farming, these regulations do not prevent ingestion of 
affected products (Warburton and Williams 2014). Aflatoxin exposure has also been 
hypothesized to play a role in worsening disease epidemics such as AIDS in developing 
countries (Warburton and Williams 2014). 
Aflatoxin exposure can lead to liver disease, malnutrition, and suppressed 
immunity, and it can also cause cancer in animals and humans with prolonged exposure 
(Kensler et al. 2011; Klich 2007; Warburton and Williams 2014). Of the six molecules, 
Aflatoxin B1 is the most prevalent and the most carcinogenic, and it is also the most 
potent naturally occurring carcinogen (Klich 2007). The function of aflatoxins in the 
fungus has not yet been elucidated, although it may be in response to oxidative stress 
(Fountain et al. 2014) and changes in nutrient availability in the host (Mellon, Dowd, and 
Cotty 2005).  
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Biosynthesis of Aflatoxins 
The genome of A. flavus strain NRRL 3357 has been sequenced and is accessible 
at NCBI under the whole-genome shotgun (WGS) accession number EQ963472 
(Nierman et al. 2015). The genome is predicted to contain 13,485 protein-coding genes 
and several biosynthetic gene clusters, which could code for more secondary metabolites 
beyond aflatoxins. The aflatoxin biosynthesis pathway gene cluster, a 70 kb DNA 
fragment containing 25 genes, has been characterized and annotated in A. parasiticus 
(GenBank accession number AY371490) (Yu et al. 2004).  
The biosynthesis pathway of aflatoxins in A. flavus, as shown in Figure 2.2, is 
facilitated by the enzymes encoded by the genes aflA-aflQ, while the other genes in the 
biosynthesis cluster play other roles related to the production of aflatoxin. Fatty acid 
synthase α subunit (aflA), fatty acid synthase β subunit (aflB), and polyketide synthase 
(aflC) are involved in the first step of aflatoxin biosynthesis, the conversion of acetate to 
norsolorinic acid (NOR). The reduction of NOR to averantin (AVN) is carried out by a 
reductase (alfD), NOR-reductase (alfE), and a dehydrogenase (alfF). A hydroxyl group is 
added to AVN by a cytochrome P450 monooxygenase (alfG) to produce 5’-
hydroxyaverantin (HAVN). HAVN is then converted to averufin (AVF) via one of two 
intermediates: oxoaverantin (OAVN) by an alcohol dehydrogenase (aflH) or averufanin 
(AVNN). AVF is then acted upon by an oxidase (aflI) to form versiconal hemiacetal 
acetate (VHA). VHA is converted to versiconal (VAL) by an esterase (aflJ). VERB 
synthase (aflK) converts VAL to versicolorin B (VERB), and a desaturase (aflL) converts 
VERB to versicolorin A (VERA). Both a dehydrogenase (aflM) and a monooxygenase 
(aflN) conduct the production of demethylsterigmatocystin (DMST). At this juncture, 
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dihydrodemethylsterigomatocystin (DHDMST) is also produced from VERA. O-
methyltransferase B (aflO) converts DMST to sterigmatocystin (ST) and DHDMST to 
dihydrosterigmatocystin (DHST). O-methyltransferase A (aflP) converts ST to O-
methylsterigmatocystin (OMST) and DHST to O-methyl-dihydrosterigmatocystin 
(DHOMST). An oxidoreductase (aflQ) catalyzes the final reaction of OMST to either 
aflatoxin B1 or G1 and the final reaction of DHOMST to either aflatoxin B2 or G2. Other 
genes from the cluster with known functions related to aflatoxin biosynthesis are aflR and 
aflS, which encode a transcription activator and transcription enhancer, respectively, that 





Figure 2.2 Aflatoxin biosynthesis pathway gene cluster and illustrated biosynthesis 
pathway 
(A) Aflatoxin biosynthesis pathway gene cluster including the sugar cluster in A. 
parasiticus and A. flavus. Arrows indicate the direction of gene transcription. (B) 
Aflatoxin biosynthesis pathway with gene names, corresponding enzymes, and 
biosynthesis steps they catalyze. Modified from Yu et al. (2004). 
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Some other strains of A. flavus have been isolated, and they do not produce 
aflatoxins at all. The nonaflatoxigenic strain NRRL 21882 lacks the genes in the aflatoxin 
gene cluster beginning with the aflB gene (Amaike and Keller 2011). This strain was 
isolated from a peanut plant (Abbas et al. 2011), and it is marketed as Afla-Guard, which 
is often used as a competitive inhibitor for aflatoxigenic strains of A. flavus (Amaike and 
Keller 2011). It has been shown that co-inoculation of maize with the strain NRRL 21882 
can significantly reduce aflatoxin accumulation in maize (Mylroie et al. 2016). 
Zea mays 
Maize (Zea mays), originated in Mexico, where it was first domesticated from the 
grass teosinte about 9000 years ago (Xiao et al. 2017; Schnable et al. 2009). Its genome 
has been duplicated several times via long terminal repeat retrotransposons, and nearly 
85% of the genome is made up of transposable elements (Schnable et al. 2009). The 2.3 
Gb genome of the maize inbred line B73 was sequenced through the combined effort of 
the National Science Foundation, the US Department of Agriculture, and the Department 
of Energy using the bacterial artificial chromosome (BAC) approach and Roche 454 
WGS reads to improve coverage (Schnable et al. 2009; Law et al. 2015). 
Maize is one of three major food crops in the world, with 883 million tons 
produced in 2011 (Farfan et al. 2015). Most of the maize grown worldwide is produced in 
temperate regions, where the yield is the highest; however, a portion of maize is also 
grown in sub-tropical regions of the world, where the crop is more susceptible to drought 
stress and Aspergillus flavus infection (Farfan et al. 2015). About 9% of US-grown maize 
is grown in the southeastern states, including Mississippi, which have a sub-tropical 
climate (Farfan et al. 2015).  
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The infection of maize by A. flavus typically begins in the ear through the silk at 
the top when it becomes a honey-brown color. Alternatively, infection can occur at 
damage sites (Smart et al. 1990; Luo et al. 2009). Microscopic analysis has shown that the 
fungus can colonize spikelets (see Figure 2.3) through the junction of the glumes and rachilla 
or through the air space between the rachis and spikelets. Subsequently, A. flavus can 
penetrate the kernel through the rachilla (Smart et al. 1990; Luo et al. 2009). 
 
Figure 2.3 Maize kernels in spikelet pair 
Image taken from Smart et al. (1990). Some structures have been omitted from the 
illustration. 
Maize Resistance to A. flavus and Aflatoxin Production 
Research has been conducted to study the mechanisms of maize resistance to A. 
flavus and aflatoxin production (Warburton and Williams 2014). Resistant maize inbred 
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lines have been produced, and analysis of resistance has been conducted at the physical 
and molecular level. There are physical and chemical barriers to A. flavus infection of the 
maize kernel. The pericarp and aleurone layers present a physical barrier that A. flavus 
must break through, and certain resistant lines have been shown to increase the 
production of certain chemicals at the pericarp which inhibit A. flavus (Luo et al. 2009). 
Furthermore, several comparative protein analyses of maize kernels have collectively 
identified resistance-associated proteins, including antifungal proteins and stress-related 
proteins, such as chitinases, catalases, and trypsin inhibitors (Luo et al. 2009). Maize silk 
has also been analyzed for resistance-associated proteins, and chitinases (PRm3 chitinase, 
chitinase 1, and chitinase A) were shown to have higher activity in resistant maize than in 
susceptible maize silks (Peethambaran et al. 2010). 
Maize genome analysis has identified a variety of genes relevant to maize 
response to A. flavus infection. Information about resistance at the genetic level can 
inform and improve breeding techniques. Genome-wide association studies (GWAS) 
have made it possible to identify quantitative trait loci (QTLs), which map the genes that 
cause certain traits, as well as the location of the genes (Xiao et al. 2017). Microarray 
analysis has also been used to compare resistant and susceptible maize lines, with some 
results further validating of known QTLs (Kelley et al. 2009; Shan and Williams 2014). 
RT-qPCR expression data has been used, along with a computational analysis pipeline, to 
determine the relationships and potential significance of RNA transport pathway genes in 
A. flavus resistance (Asters et al. 2014; Shan and Williams 2014). 
Resistant inbred lines have been developed using phenotypic and genotypic 
knowledge of resistance, but there are certain complications such as the resistance can be 
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linked to the growing environment and the plants do not produce as high yields as 
commercial maize lines (Warburton and Williams 2014). Several resistant maize inbred 
lines including Mp313e, Mp420, Mp715, Mp717, and Mp719 have been developed at the 
USDA ARS laboratory located at Mississippi State University. The maize line Mp719, 
used in these experiments, is a cross between Mp715 and Va35, a susceptible line 
(Williams and Windham 2012). The lineage of Mp719 can be tracked back to Tuxpan, 
which is derived from Tuxpeño, one of the most productive and successful corn lines 
from Mexico (Shan and Williams 2014).  
Another option for combating A. flavus and aflatoxins is genetic modification. A 
transgenic maize had been produced that had a gene cassette for RNA interference, which 
targeted the aflC gene (Thakare et al. 2017). The alfC gene encodes a polyketide synthase 
that is important in the first steps of aflatoxin biosynthesis. Following infection with A. 
flavus, the transgenic kernels accumulated no aflatoxin, demonstrating the successful 
host-induced gene silencing of A. flavus (Thakare et al. 2017). 
Another avenue for maize resistance lies in microRNAs (miRNAs). There is 
increasing evidence of the role of miRNAs in plant response to abiotic and biotic stresses 
via their ability to affect gene expression (Kulcheski et al. 2011; Baldrich et al. 2015). In 
soybeans, miRNAs have been shown to respond to both drought stress and fungal 
infection by Phakopsora pachyrhizi which causes Asian soybean rust, with most 
miRNAs being down-regulated in infected susceptible plants, but unaffected in resistant 
plants (Kulcheski et al. 2011). Rice miRNAs have been shown to regulate gene 
expression in different tissues in response to fungal infection by Magnaporthe oryzae, the 
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cause of rice blast (Baldrich et al. 2015). The role of miRNAs in maize in response to A. 
flavus infection is not yet known. 
microRNAs and microRNA-like RNAs 
microRNAs (miRNAs) are small, non-coding RNAs that range from ~18-24 
nucleotides, and they play important roles in post-transcriptional modification. They are 
found in plants and animals. microRNA-like RNAs (milRNAs) have recently been found 
in fungi. Both miRNAs and milRNAs have been shown to play roles in controlling 
growth and development, response to stressors, and possibly regulation of gene 
expression (Huntley et al. 2016; Zhang et al. 2014). Two miRNAs, lin-4 and let-7, were 
first found in the nematode Caenorhabditis elegans, and they were involved in the 
control of developmental timing of the organism (Axtell et al. 2011). miRNAs and 
milRNAs represent a diverse and controlled system for post-transcriptional control in 
plants, animals, and fungi. Currently the microRNA database, miRBase, contains more 
than 48,000 mature miRNA sequences from 271 species, but does not include fungal 
milRNAs (Kozomara and Griffiths-Jones 2014).  
Plant microRNAs 
In plants, miRNAs act as guides for mRNA cleavage or translational repression 
(Axtell et al. 2011; Eldem et al. 2013; Rogers and Chen 2013; Borges and Martienssen 
2016). The miRNA gene is transcribed by RNA polymerase II to form a pri-miRNA 
(Figure 2.4) containing a hairpin with extended sequences on either end, to the 5’ cap and 
3’ poly-A tail. The hairpin undergoes further processing by a RNase III Dicer-like protein 
(DCL1), in a conjunction with RNA-binding proteins DAWDLE (DDL), TOUGH 
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(TGH), SERRATE (SE), HYPONASTIC LEAVES1 (HYL1), CAP BINDING 
COMPLEX PROTEIN 20 (CBP20), and CAP BINDING COMPLEX PROTEIN 80 
(CBP80) to produce a pre-miRNA hairpin with a 3’ overhang. DDL, TGH, SE, and 
HYL1 have been shown to play a role in stabilizing the system to ensure that DCL1 can 
accurately and efficiently generate the pre-miRNA (Rogers and Chen 2013). This hairpin 
is then further cleaved to remove the loop and produce a double-stranded complex 
(miRNA/miRNA*), and the 3’ end of miRNA in the complex is 2’-O-methylated by 
HEN1 to produce the mature miRNA sequence that is protected from degradation (Axtell 
et al. 2011; Eldem et al. 2013; Rogers and Chen 2013). The miRNA/miRNA* duplex 
leaves the nucleus, exported by HASTY (HST), and then becomes a part of RISC (RNA-
induced silencing complex) bound to an Argonaute (AGO) protein (Axtell et al. 2011; 
Eldem et al. 2013; Rogers and Chen 2013; Borges and Martienssen 2016). The AGO-
bound complex uses the sense miRNA strand as a guide and seeks its transcriptional 
target for splicing or inhibition. In order to bind the mRNA target, the sequence of the 
miRNA must have a perfect or near-perfect complementarity (Axtell et al. 2011). By and 
large, plant miRNAs mediate mRNA cleavage; however, some miRNAs will not cleave 
the transcript, but bind mRNA to block its translation (Axtell et al. 2011; Eldem et al. 
2013; Rogers and Chen 2013). Alternatively, a complex with AGO4 has been shown to 





Figure 2.4 Plant miRNA biosynthesis pathway 
Retrieved from Huntley et al. (2016). 
The proteins involved in miRNA cleavage are highly conserved, and in general 
this is how miRNAs are produced in the cell; however, some variations do exist, 
especially between plants and animals (Eldem et al. 2013). In plants, miRNA genes are 
transcribed almost exclusively from non-protein coding regions and are variable in size 
 
19 
from 70 to hundreds of nucleotides (Axtell et al. 2011). Plant miRNAs also must have 
nearly perfect complementarity to the mRNA sequence target (Axtell et al. 2011). There 
is also some variation in the biosynthesis pathways for some plant miRNAs, in which the 
larger, proto-miRNAs, which make less precise hairpins, are processed by other Dicer-
like proteins, namely DCL2, -3, and -4 (Axtell et al. 2011). 
Z. mays microRNAs 
There are 325 mature Z. mays miRNA sequences annotated in miRBase 
(Kozomara and Griffiths-Jones 2014). They are found on all maize chromosomes and are 
expressed in various tissues (Zhang et al. 2009). Maize miRNAs have been predicted to 
predominantly target transcription factors as well as proteins related to physiological and 
metabolic processes, including growth and development as well as in stress response 
(Zhang et al. 2009; Zhang et al. 2006). The role of maize miRNAs in response to A. 
flavus infection or aflatoxin production has not been explored. 
Fungal microRNA-like RNAs 
Fungi utilize a variety of RNA silencing techniques, including quelling, meiotic 
silencing by unrepaired DNA (MSUD), and repeat-induced point mutation (RIP) (Chen et 
al. 2014; Lee et al. 2010). Recently, it was discovered that some fungi, such as the 
filamentous fungus Neurospora crassa, also produce miRNA-like RNAs (milRNAs) 
(Chen et al. 2014; Lee et al. 2010; Lau et al. 2013). These milRNA molecules, however, 
are not produced by all fungi; for instance, Saccharomyces cerevisiae, lacks the proteins 
necessary to produce milRNAs (Chen et al. 2014). Fungal milRNAs do not have the same 
characteristics as plant or animal miRNAs, suggesting that they cannot be predicted using 
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the same methods (Chen et al. 2014). Overall, there are four different mechanisms of 
milRNA biosynthesis, and one of the mechanisms is similar to plant miRNA biosynthesis 
and utilizes only Dicer-like proteins, which are homologous to those used by plants and 
animals (Lee et al. 2010). Two others utilize a combination of a Dicer-like protein, an 
AGO protein QDE-2 (QUELLING DEFICIENT-2), an exonuclease QIP, and an RNAse 
III domain-containing protein (MRPL3). Another mechanism of biogenesis is Dicer-
independent and only utilizes the QDE-2 (Lee et al. 2010). milRNAs also seem to play 
similar roles as miRNAs, in that they affect growth and development by their 
specialization in different growth stages of the fungus (Lau et al. 2013). Plant and animal 
miRNAs are separated into families, which are not shared between the kingdoms. In the 
same way, fungal milRNAs are not similar to the miRNAs in plants or animals (Chen et 
al. 2014). It has been hypothesized that the miRNA regulatory mechanism was present 
before the divergence of fungi, plants, and animals (Lee et al. 2010). 
A. flavus microRNA-like RNAs 
Fungal microRNA-like RNAs have not been annotated and deposited in miRBase 
(Kozomara and Griffiths-Jones 2014). Using computational and molecular methods, 135 
milRNA sequences were predicted and identified in the A. flavus NRRL 3357 strain 
grown in vitro under aflatoxin production conditions: water activity (99% and 93%) and 
temperature (28°C and 37°C) (Bai et al. 2015). Of these, four of the milRNAs (Afl-milR-
3, -33, -19, and -107) showed differential expression under different temperature or water 
activity conditions. Half of the A. flavus milRNA sequences identified were 
computationally targeted to mRNA targets. Of the differentially expressed milRNAs, Afl-
mir-3 had 2 and Afl-mir-33 had 3 predicted targets. All but one of these predicted targets 
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were uncharacterized proteins. The single target, predicted for Afl-mir-33, was the ustA 
gene, which encodes the peptide precursor for a secondary metabolite called ustiloxin B 
(Umemura et al. 2014). This indicates that milRNAs may play a role in regulating 






MATERIALS AND METHODS 
Inoculation and Collection of Plant Materials 
The maize lines, Mp719 and Va35, were planted in a randomized complete block 
design with three replications at the R.R. Foil Plant Research Center at Mississippi State 
University. The ears were self-pollinated and inoculated 18 days after pollination with 
either the A. flavus NRRL 3357, A. flavus NRRL 21882, or water, or not inoculated as a 
control. The inoculum of the two A. flavus strains was grown on 50 g of sterile corn cob 
grits (size 2040, Grit-O-Cobs) with 100 mL of sterile distilled water in 500 mL flasks and 
incubated at 28°C for 21 days. Conidial spores were obtained by washing the grits with a 
mixture of 500 mL of sterile distilled H2O and 0.1% Tween 20 and then filtering the 
liquid through four layers of cheese cloth. Conidial concentration was calculated using a 
hemocytometer and the final inoculum concentration was diluted to 9x107 conidia/mL 
with sterile distilled water. Inoculation was performed by peeling back the husk and 
injuring the maize kernels with a size of 12 quilting needle (Entaco Limited) dipped in 
the appropriate inoculum or sterile distilled water. The inoculation was done by 
alternating 2 rows inoculated and 2 rows uninoculated around the entire ear. After 
inoculation, the husk was placed back around the ear and 2 shoot bags were secured 
around the ear with rubber bands. Maize ears were collected 7 days after inoculation and 
both inoculated and uninoculated kernels were removed from the ears and flash frozen in 
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liquid nitrogen for subsequent small RNA extractions. Kernels were collected for each of 
the two maize inbred lines inoculated with A. flavus strain NRRL 3357, A. flavus strain 
NRRL 21882, water, and non-inoculated control plants with three replicates of each for a 
total of 24 unique samples. 
Small RNA Extraction 
Small RNAs were extracted from the 24 samples using the method of Rosas-
Cárdenas et al. (2011) and further purified with the Sigma-Aldrich mirPremier miRNA 
Isolation Kit for small RNA isolation from plant tissues. A single kernel (0.9-1.0 g) of 
each sample was ground to fine powder using a mortar and pestle with liquid nitrogen, 
placed into a 1.5 ml microcentrifuge tube, and kept on ice. To each tube, 500 μl of 
lithium chloride extraction buffer (100 mM Tris-HCl, pH 9.0, 1% SDS, 100 mM LiCl, 10 
mM EDTA) and 500 μl of phenol (pH 8.0) were added. Each sample was mixed, 
incubated for 5 minutes at 60°C in a water bath, and centrifuged for 10 minutes in a 
microcentrifuge (Eppendorf 5415D) at 16.1x103 RCF. The upper phase was transferred to 
a new tube containing 600 μl of chloroform-isoamyl alcohol (24:1), mixed, and 
centrifuged for 10 minutes. The upper phase was transferred to a new tube and incubated 
for 15 minutes in a 65°C water bath. Following the incubation, 50 μl of 5 M NaCl and 63 
μl of 40% PEG 8000 were added, and each sample was mixed, incubated on ice for 30 
minutes, and then centrifuged for 10 minutes. The supernatant was transferred to a new 
1.5 ml microcentrifuge tube, and 500 μl of phenol-chloroform-isoamyl alcohol (24:1:1) 
were added to the tube and then mixed. Samples were centrifuged for 10 minutes, and the 
supernatant was transferred to a new microcentrifuge tube containing 50 μl of 3 M 
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sodium acetate (pH 5.2) and 1.2 ml 96 % ethanol. The sample was mixed and incubated 
overnight at -20°C. 
After overnight incubation, each sample was centrifuged for 10 minutes. The 
supernatant was discarded, and the pellet was freeze-dried (Labconco Freeze Dry System 
and Savant SpeedVac Concentrator). The pellet was resuspended in 50 μl of DEPC-
treated water, and an aliquot was taken for later quality analysis. A lysis mix was made 
by mixing 650 μl of microRNA Lysis Buffer (M1070), 300 μl of Binding Solution 
(L8042), 50 μl of 96% ethanol, and 10 μl of 2-mercaptoethanol per sample. The lysis mix 
of 750 μl was added to each sample, and samples were mixed, incubated for 5 minutes in 
a 55°C water bath, and centrifuged for 5 minutes. The supernatant was added to a filter 
column (C6866) and centrifuged for 1 minute. The volume of the filtrate was measured 
with a pipette, and 1.1 volumes of 96% ethanol was added, and the solution was mixed. 
This mixture, in two portions, was added to a binding column (C6991) and centrifuged 
for 30 seconds. The column was sequentially washed with 700 μl of 96% ethanol and 500 
μl of Binding Solution by centrifugation for 30 seconds and 1 minute, respectively. The 
column was then washed twice with 500 μl of Wash Solution 2 (W3261) by 
centrifugation for 30 seconds. The column was further centrifuged for 1 minute to 
remove any residual solution. An Elution Solution (E8024) of 50 μl was added to the 
column, incubated for 1 minute at room temperature, and centrifuged for 1 minute. The 
concentration of eluted RNA samples was determined using the NanoDrop 2000c 
Spectrophotometer (ThermoFisher) and the RNA quality was checked by electrophoresis 
on a 1% agarose gel. The isolated RNA was stored at -80°C. 
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Construction of cDNA Libraries 
The purified small RNA samples were used for preparation of cDNA libraries 
using the NEBNext Multiplex Small RNA Sample Prep Set for Illumina. The 
concentration of RNA samples was determined by the Qubit Fluorometer (ThermoFisher) 
with the Qubit MicroRNA Assay Kit and RNA quality was analyzed by the Agilent 
BioAnalyzer 2100 with the Small RNA Kit. The 3’ SR adaptor was ligated to 150 ng of 
the small RNAs, and the SR RT primer was hybridized to all 3’ adaptors, including those 
that were not bound to small RNAs. This forced the 5’ SR adaptor to ligate only to the 
small RNAs, but not to any excess 3’ adaptors. After ligation of the 5’ adaptor, the 
ligated RNA was reverse transcribed to form cDNA and further amplified by PCR with 
the SR primer and the appropriate Index primer (1-24). 
The PCR product was purified using the QIAQuick PCR Purification Kit 
(Qiagen) according to the manufacturer’s instructions and eluted with 27.5 μl of 
nuclease-free water. The purified product was mixed with 32.5 μl (1.3X) of resuspended 
AMPure XP beads and incubated at room temperature. The samples were placed on a 
magnetic stand to separate the beads from the supernatant. The clear supernatant was 
transferred to a new tube, and 92.5 μl of fresh beads were added and incubated. The final 
supernatant was analyzed with the Agilent DNA 1000 Kit for the BioAnalyzer and the 
Qubit dsDNA HS Kit. The library samples were stored at -20°C until being prepared for 
pooling. Each sample was diluted to 20 nM using the concentration determined by the 
Qubit and the average library size from the BioAnalyzer. Samples were diluted in EB 
Buffer (10 mM Tris-HCl, pH 8.5) with 0.1% Tween-20 and pooled for sequencing. The 
sequences of all adaptors and primers used for library construction are listed in Table 3.1. 
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Table 3.1 Primers and adaptors used in the construction of miRNA libraries 
Primer ID Sequence 




5’ SR Adaptor 
5'-rGrUrUrCrArGrArGrUrUrCrUrA 
rCrArGrUrCrCrGrArCrGrArUrC-3' 




Bold underlined section represents index. All indices are listed in Table 4.2. 
Library Sequencing and Data Analysis 
The 24 sample libraries were loaded to a single flow cell and single-end (1x50) 
sequenced on the Illumina HiSeq 4000 System. Adapters were trimmed and all sequences 
with length less than 18 bp were removed. Two samples were removed from further 
analysis as outliers when compared with other samples’ length distribution and alignment 
to the A. flavus NRRL 3357 genome. 
By using trimmed reads from infected samples, MIREAP 
(https://sourceforge.net/projects/mireap/) predicted 236 hypothetical A. flavus milRNAs. 
These were combined with the 135 known A. flavus milRNAs from Bai et al. (2015) to 
generate 371 milRNAs. One hypothetical milRNA was found to overlap with a known 
milRNA (Afl-milR-96) and was removed to leave a total of 370 milRNAs. These were 
filtered against the Rfam database (http://rfam.xfam.org/) to eliminate any overlap with 
other RNA sources (mRNA, tRNA, rRNA, etc.) and 255 (180 hypothetical and 75 




miRDeep-P (https://sourceforge.net/projects/mirdp/) was used to analyze trimmed 
reads, and it predicted 634 novel Maize miRNAs. Briefly, the trimmed reads were 
mapped to the maize B73 genome using Bowtie (http://bowtie-
bio.sourceforge.net/index.shtml) and filtered using the Rfam database 
(http://rfam.xfam.org/) to eliminate any overlap with other RNA sources (mRNA, tRNA, 
rRNA, etc.). miRNA precursors were created from overlapping alignments, but any RNA 
with sizes longer than 280 bp were removed. The precursors were folded using RNAfold 
(https://www.tbi.univie.ac.at/RNA/index.html), and the reads from the RNA-seq were 
aligned to them. miRDeep-P was used to call miRNAs from the generated data. The 
known Z. mays miRNAs from miRbase were combined with the hypothetical 634 
miRNAs for a total of 924 miRNAs. 
The milRNA and miRNA target prediction was performed by miRanda 
(http://cbio.mskcc.org/miRNA2003/miranda.html). Since neither of the genomes in 
NCBI (A. flavus NRRL 3357 genome and Z. mays B73 genome) contain information 
about UTRs, the 500-bp on either side of the gene were added as artificial 5`-UTRs and 
3`-UTRs. Psuedogenes and other non-coding RNA were removed before target 
prediction. The predicted targets were then filtered based on the six criteria as described 
by Bai et al. (2015) for both milRNAs and miRNAs: (1) No more than four mismatches 
between the milRNA and target (G-U bases count as 0.5 mismatches); (2) No more than 
two adjacent mismatches in the milRNA/target duplex; (3) No adjacent mismatches in 
positions 2–12 of the milRNA/target duplex (5′ of milRNA); (4) No mismatches in 
positions 10–11 of milRNA/target duplex; (5) No more than 2.5 mismatches in positions 
1–12 of the milRNA/target duplex (5′ of milRNA); and (6) Minimum free energy (MFE) 
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of the milRNA/target duplex should be ≥75% of the MFE of the milRNA bound to its 
perfect complement.  
The trimmed data were also aligned to the mature milRNA or miRNA sequences 
using BWA (http://bio-bwa.sourceforge.net/). Any mature milRNA or miRNA sequence 
without alignments in at least 3 of the 24 samples was removed, leaving 69 milRNAs and 
691 miRNAs. The variance of milRNAs and miRNAs between infection groups was 
visualized in PCA (principal component analysis) plots. The RNA-seq data analysis 
software, edgeR (https://bioconductor.org/biocLite.R), was used to determine differential 
expression of these milRNAs and miRNAs, and gplots (https://cran.r-
project.org/web/packages/gplots/index.html) and RColorBrewer (https://cran.r-
project.org/web/packages/RColorBrewer/index.html) were used to visualize the 
differential expression. 
RT-qPCR 
The RT-qPCR assay was used to determine the expression of the 135 milRNAs 
identified by Bai et al. (2015). The Mir-X miRNA First-Strand Synthesis and SYBR 
qRT-PCR kits (Clontech) were used to first convert the milRNA into cDNA which was 
then quantified by RT-qPCR analysis. A 3.75 μl of mixture containing 500 μg of the 
small RNA sample and nuclease-free water was mixed with 5 μl of mRQ Buffer (2X) and 
1.25 μl of mRQ Enzyme containing Poly(A) Polymerase and MMLV Reverse 
Transcriptase, and then incubated for 1 hour at 37°C. After the reverse transcription 
reaction, the mRQ Enzyme was inactivated at 85°C for 5 minutes. The 10 μl cDNA 
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sample was subsequently diluted with 90 μl of ddH2O and used as DNA template for 
qPCR amplification. 
PCR reactions with each sample containing 4.5 μl sterile double-distilled H2O, 
6.25 μl SYBR Advantage Premix (2X), 0.25 μl ROX dye (50X), 0.25 μl (10 µM) mRQ 3’ 
primer, 0.25 μl (10 µl) miRNA-specific 5’ primer, and 1 μl cDNA were performed on the 
QuantStudio 5 Real-Time PCR System (Applied Biosystems) according to the following 
protocol: 95°C denaturation for 10 seconds, 40 cycles at 95°C for 5 seconds and at 60°C 
for 20 seconds, and following by melt curve analysis at 95°C for 15 seconds, 60°C for 1 
minute, and 95°C for 15 seconds. The miRNA-specific primers are listed in Table A.1. 
The U6 forward and reverse primers from the Clontech kit were used as an internal 







 Preparation of Small RNAs and cDNA Libraries 
Concentrations of the isolated small RNA samples were determined using the 
Nanodrop Spectrophotometer and Qubit Fluorometer and are presented in Table 4.1. The 
representative analysis of a small RNA sample by BioAnalyzer is shown in Figure 4.1. 
The concentration and the size analysis of the small RNA samples by the BioAnalyzer 
indicated that they were appropriate for the preparation of cDNA libraries. There is a 
large difference in the concentration determined between the Nanodrop and Qubit 
methods, as well as a wide range of concentration differences among samples, including 
within experimental groups. The BioAnalyzer results also identified the presence of a 
wide range of miRNA percentages as well, from as low as 20% in a control sample to 





Table 4.1 Concentrations of small RNAs determined by NanoDrop 
Spectrophotometer and Qubit Fluorometer  
Sample 
Conc (ng/ul) determined by 
NanoDrop 
Conc (ng/µl) determined 
by Qubit 
Mp719-3357-1 563.2 74.6 
Mp719-3357-2 534.2 68.1 
Mp719-3357-3 460.4 55.4 
Mp719-21882-1 200.8 91.7 
Mp719-21882-2 236.8 95.3 
Mp719-21882-3 163.4 77.6 
Mp719-H2O-1 128.6 25.9 
Mp719-H2O-2 130.3 33.8 
Mp719-H2O-3 419.2 67.6 
Mp719-Control-1 84.9 32.6 
Mp719-Control-2 123.2 34.2 
Mp719-Control-3 92.6 32.4 
Va35-3357-1 94.7 31.7 
Va35-3357-2 201.0 88.7 
Va35-3357-3 129.1 62.1 
Va35-21882-1 196.8 80.2 
Va35-21882-2 209.9 84.9 
Va35-21882-3 126.2 39.2 
Va35-H2O-1 142.4 39.2 
Va35-H2O-2 134.5 37.6 
Va35-H2O-3 133.2 32.2 
Va35-Control-1 88.7 26.4 
Va35-Control-2 106.2 32.4 





Figure 4.1 Size analysis of the Mp719 21882 replicate 1 small RNA sample 
The capillary electrophoresis output (right picture) shows the intensity of small RNAs, 
which corresponds to the graphical representation (left picture) with intensity ([FU]) as a 
function of size (nt). The green band represents the marker, which corresponds to the 
peak at 4 nt. The area between 10 and 40 nt represents the miRNAs which have a 
concentration of 17,865.2 pg/μl and represents 59% of the sample. The average size in 
the miRNA range is 27 nt. The Mp719 21882 Replicate 1 sample was analyzed prior to 
cDNA library preparation. 
The concentration of the 24 cDNA libraries determined by the Qubit Fluorometer 
and the size of the constructed cDNA libraries determined by the BioAnalyzer are 
presented in Table 4.2. The 24 index sequences assigned to each sample as well as the 
calculated library concentration in nM are also included in this table. A representative 
BioAnalyzer analysis of a cDNA library sample before (A) and after (B) size selection by 
AMPure XP beads is shown in Figure 4.2. There is a wide range of concentration 
differences between samples, including within the experimental groups. The average size 
of the constructs is slightly varied, as seen in Figures 4.2A and 4.2B, after treatment by 
the size selecting AMPure XP beads. The average size of constructed libraries is 
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relatively the same, between 138-142 nt, and excluding the added 3’ and 5’ SR Adaptors 
as well as the primers for library preparation, the average sequence sizes are 20-24 nt. 
Table 4.2 The list of 24 cDNA libraries for sequencing with indices, concentrations 













Mp719-3357-1 1 ATCACG 3.24 141 34.82 
Mp719-3357-2 2 CGATGT 8.58 142 91.55 
Mp719-3357-3 3 TTAGGC 7.03 141 75.54 
Mp719-21882-1 4 TGACCA 6.63 140 71.75 
Mp719-21882-2 5 ACAGTG 12.7 140 137.45 
Mp719-21882-3 6 GCCAAT 6.21 141 66.73 
Mp719-H2O-1 7 CAGATC 14.8 141 159.04 
Mp719-H2O-2 8 ACTTGA 13.3 141 142.92 
Mp719-H2O-3 9 GATCAG 15.7 140 169.91 
Mp719-Control-1 10 TAGCTT 13.5 140 146.1 
Mp719-Control-2 11 GGCTAC 16.1 141 173.01 
Mp719-Control-3 12 CTTGTA 10.6 139 115.54 
Va35-3357-1 13 AGTCAA 17.1 139 186.40 
Va35-3357-2 14 AGTTCC 8.36 141 89.83 
Va35-3357-3 15 ATGTCA 10.4 140 112.55 
Va35-21882-1 16 CCGTCC 4.29 142 45.77 
Va35-21882-2 17 GTAGAG 5.47 141 58.78 
Va35-21882-3 18 GTCCGC 3.43 138 37.66 
Va35-H2O-1 19 GTGAAA 7.03 139 76.63 
Va35-H2O-2 20 GTGGCC 6.18 140 66.88 
Va35-H2O-3 21 GTTTCG 3.83 139 41.75 
Va35-Control-1 22 CGTACG 9.94 140 107.58 
Va35-Control-2 23 GAGTGG 2.42 139 26.38 





Figure 4.2 Analysis of Mp719 21882 replicate 1 sample by Bioanalyzer DNA 1000 
prior to (A) and after (B) AMPure XP bead treatment  
The capillary electrophoresis outputs (right picture) show the intensity of DNA relative to 
size, which corresponds to the graphical representation (left picture) with intensity ([FU]) 
as a function of size (nt). The green and purple bands represent the lower and upper 
markers, which correspond to the peaks at 15 and 1500 nt, respectively. Peaks at 142 (A) 
and 140 (B) represent small RNA samples, which have the concentration of 3.04 ng/μl 
and 2.91 ng/μl and the molarity of 32.5 nmol/l and 31.5 nmol/l, respectively. 
After removal of the adaptors, the sorted reads including the number and 
percentage that survived or were dropped for being too short are presented in Table 4.3. 
There was a wide range of raw reads from each sample, but most of the samples lost 
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about 1% of the reads due to small size. The length distribution of the sequences and their 
percentage mapped to the A. flavus NRRL 3357 genome are shown in Figure 4.3. 
Samples marked in red were determined to be outliers, based on both the length 
distribution patterns and the mapping to the A. flavus genome, and those samples were 
eliminated from further analysis. 
Table 4.3 Trimming statistics of small RNA sequence data 






Mp719-3357-1 4,320,210 4,283,116 99.14 37,094 0.85 
Mp719-3357-2 8,299,712 8,228,451 99.14 71,261 0.85 
Mp719-3357-3 7,077,568 7,015,944 99.12 61,624 0.87 
Mp719-21882-1 5,017,257 4,962,542 98.90 54,715 1.09 
Mp719-21882-2 6,514,190 6,445,533 98.94 68,657 1.05 
Mp719-21882-3 6,364,869 6,298,793 98.96 66,076 1.03 
Mp719-H2O-1 10,062,400 9,983,318 99.21 79,082 0.78 
Mp719-H2O-2 7,754,618 7,694,802 99.22 59,816 0.77 
Mp719-H2O-3 7,233,906 7,167,452 99.08 66,454 0.91 
Mp719-Control-1 7,606,729 7,554,896 99.31 51,833 0.68 
Mp719-Control-2 7,498,463 7,446,379 99.30 52,084 0.69 
Mp719-Control-3 4,812,484 4,777,600 99.27 34,884 0.72 
Va35-3357-1 8,321,526 8,256,581 99.21 64,945 0.78 
Va35-3357-2 7,729,030 7,649,892 98.97 79,138 1.02 
Va35-3357-3 1,512,181 1,497,313 99.01 14,868 0.98 
Va35-21882-1 4,739,723 4,694,486 99.04 45,237 0.95 
Va35-21882-2 10,097,167 9,985,614 98.89 111,553 1.10 
Va35-21882-3 3,395,222 3,365,950 99.13 29,272 0.86 
Va35-H2O-1 6,017,442 5,967,367 99.16 50,075 0.83 
Va35-H2O-2 5,600,116 5,552,970 99.15 47,146 0.84 
Va35-H2O-3 4,518,898 4,481,370 99.16 37,528 0.83 
Va35-Control-1 6,193,704 6,157,661 99.41 36,043 0.58 
Va35-Control-2 5,255,753 5,211,619 99.16 44,134 0.83 





Figure 4.3 Normalized length distribution grouped by A. flavus-inoculation status and 
percentage of reads mapping to the A. flavus genome. 
The distribution of sequence lengths (A) and percentage of sequences mapped to the A. 
flavus genome (B) in A. flavus-inoculated samples on top (A) and left (B) pictures and 
water-inoculated and control samples on bottom (A) and right (B) pictures, with outlier 
samples marked with red. 
A. flavus milRNAs 
From the sequence data, 69 unique A. flavus milRNAs were identified by 
computational analysis, including seven known milRNAs (Afl-milR-2, -3, -7, -9, -33, -
43, -92) which were previously described by Bai et al (2015). The secondary structure of 
one pre-milRNA, All-m0029-3p, as an example was plotted in Figure 4.4. These 





4.4. A principal component analysis (PCA) plot of the variance among these milRNAs 
along with water and control samples is shown in Figure 4.5. The plot shows the A. 
flavus-inoculated samples grouping separately from the water and control samples, with 
some overlap between the NRRL 3357 and NRRL 21882 inoculated samples, and there is 
no obvious separation based on the maize resistance or susceptibility. The large 
difference between the A. flavus-inoculated and the control samples is probably due to the 
lack of A. flavus milRNA sequences in the control samples. 
 
Figure 4.4 Secondary structure of pre-milRNA of All-m0029-3p.  
The pre-milRNA has a stem-loop structure and the mature milRNA sequence is marked 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.5 A PCA plot of A. flavus small RNAs 
 
The RNA-seq data analysis software, edgeR, was used to determine differential 
expression of identified milRNAs. The statistically significant (based on false discovery 
rate) differentially expressed milRNAs are reported in Figure 4.6. The most significant 
differential expression occurs when comparing the two A. flavus strains and ignoring the 





Figure 4.6 Heat map of differentially expressed A. flavus milRNAs  
The differential expression is based on the log2(Fold Change) of milRNAs between 
treatments. The white text is the log2(FC) number for each comparison. Decreased 
expression is represented by a green color, while increased expression is indicated by a 
red color, with the brightness indicating relative intensity. Significance of the differential 
expression is determined by FDR (p <= 0.05). 
There were very few significantly differentially expressed milRNAs between the 
experimental groups. Of the 135 known milRNAs previously described by Bai et al. 
(2015), seven (Afl-milR-2, -3, -7, -9, -33, -43, -92) were aligned to our samples and they 
were subjected to further expression analysis. None of these samples, however, had any 
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significant differential expression. The differential expression seems to rely on infecting 
A. flavus strain, rather than the resistance of the maize inbred line. The PCA plot shows 
that the infected samples grouped together but minimally separated, which might explain 
these low levels of differential expression. 
In all comparisons, the predicted milRNA all-m0236-5p was differentially 
expressed, about 2-fold increase in expression in Mp719 3357 to Va35 3357 and Mp719 
3357 to Mp719 21882 and 2-fold decrease in expression in Mp719 21882 to Va35 21882 
and Va35 3357 to Va35 21882 (Figure 4.6). This milRNA was predicted to target a 
putative membrane-bound copper amine oxidase (Table 4.4). When comparing Mp719 
3357 to Mp719 21882, all-m0164-5p and all-m0184-3p had a 22-64 fold decrease in 
expression (Figure 4.6), which might lead to an increased expression of the predicted 
targets including a SYF2 splicing factor family protein, two oxidases and a hypothetical 
protein (Table 4.4). When comparing Va35 3357 to Va35 21882, all-m0212-3p had a 32-
fold increased expression, which might lead to a decrease in the hypothetical protein it 
was predicted to target. When comparing all samples inoculated with NRRL 3357 to 
those inoculated with NRRL 21882, there were some similarities in the expression of 
Mp719 3357 to Mp719 21882, in that all-m0184-3p and all-m0164-5p had decreased 
expression (Figure 4.6). Similarly, all-m0212-3p had increased expression as it did in the 
comparison of Va35 3357 toVa35 21882 (Figure 4.6). In addition, all-m0191-5p and all-
m0107-3p had decreased expression (Figure 4.6), suggesting increased expression of 
their targets which include a RanGTP-binding protein, a DnaJ chaperone, and an 
acetyltransferase along with some hypothetical proteins and a helicase (Table 4.4). In the 
same comparison, all-m0185-5p had increased expression (Figure 4.6), which might lead 
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to a downregulation in its targets including a ribonucleoprotein, a nucleoside transporter, 
and hypothetical proteins (Table 4.4). The predicted targets of all identified milRNAs are 
listed in Table 4.4. However, none of these targets are related to aflatoxin biosynthesis, 
implying that A. flavus may not utilize milRNAs as a way to control the production of 
aflatoxins. Additionally, there does seems to be no difference between the strains of A. 
flavus in terms of milRNAs, nor does A. flavus appear to have a milRNA response when 
inoculated on a resistant or susceptible maize host. 
Z. mays miRNAs 
From the RNA sequence data, 523 unique Z. mays miRNAs, named as Predict-
miR, were identified by computational analysis. Including 168 known miRNAs, as zma-
mir, previously reported in the miRNA data base miRBase, this brings the total number 
of maize miRNAs to 691. These 691 maize miRNAs and their sequences are presented in 
Table 4.5, and their predicted targets are listed in a supplementary table (Table S1). A 
PCA plot of the variance between these miRNAs is shown in Figure 4.7. The plot shows 
that the A. flavus-inoculated samples group separately from the water and control samples 
with some overlap between the NRRL 3357 inoculated and the NRRL 21882 inoculated 
samples. There is more variance among the A. flavus infected samples than the water and 


























































































































































































































































































































































































































































































































































































































































































































































































Figure 4.7 A PCA plot of Z. mays small RNAs 
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The RNA-seq data analysis software, edgeR, was used to determine differential 
expression of these miRNAs. The statistically significant (based on false discovery rate) 
differentially expressed miRNAs are shown in Figures 4.8-4.11. These results are 
congruent with what is visualized in the PCA plot. Much of the differential expression 
occurs when comparing inoculated with control samples.  
The comparison of differential expression of miRNAs in the control and water 
inoculation samples is shown in Figure 4.8. When comparing the expression of Mp719 
Control–Va35 Control with Mp719 H2O–Va35 H2O samples, there was a similar 
differential expression pattern, meaning that with or without inoculation, the miRNA 




Figure 4.8 Heat map of differentially expressed Z. mays miRNAs comparing control 
and water inoculations 
The differential expression of maize miRNAs is indicated when the log2(Fold Change) 
values are larger or equal to 1. Decreased expression is represented by a green color, 
while increased expression is represented by a red color, with the brightness indicating 
relative intensity. Significance of the differential expression is determined by FDR (p <= 
0.05). 
The comparison of differential expression of miRNAs in the A. flavus inoculation 
samples is shown in Figure 4.9. When comparing the two maize lines that were 
inoculated individually with A. flavus NRRL 3357 or 21882 (Mp719 3357–Va35 3357 
and Mp719 21882–Va35 21882), there were few miRNAs that were differentially 
expressed in either case. This is surprising when compared to results reported in Figure 
4.8, which seem to indicate a difference in miRNA expression between the maize lines. 
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The greater variation between the A. flavus-inoculated samples when compared to the 
control and water-inoculated samples, seen in Figure 4.7, may explain this large 
difference in significantly differentially expressed miRNAs. 
 
Figure 4.9 Heat map of differentially expressed Z. mays miRNAs comparing A. flavus 
inoculations 
The differential expression of maize miRNAs is indicated when the log2(Fold Change) 
values are larger or equal to 1. Decreased expression is represented by a green color, 
while increased expression is represented by a red color, with the brightness indicating 




As shown in Figure 4.9, the comparison of both Mp719 3357–Mp719 21882 and 
Va35 3357–Va35 21882 aligned well with how these samples were grouped in Figure 
4.7, in that the Va35 samples were similar, while the Mp719 samples were more separate 
in Figure 4.7. There was obviously more differentially expressed miRNAs in Mp719 than 
those in Va35, which might indicate a response based on resistance to the aflatoxigenic 
strain when compared to the nonaflatoxigenic strain. Except for a single miRNA (Predict-
miR-529) which was down-regulated in both Mp719 3357-Mp719 21882 and Va35 
3357-Va35 21882 samples, there are 19 up-regulated (Predict-miR-009, 053, 222, zma-
miR156l-5p, 159b-3p,159d-3p, 159f-3p, 159j-3p, 164d-5p, 166a-5p, 167j-5p, 168b-5p, 
319a-3p, 319b-3p, 319d-5p, 396a-5p, 396d, 408b-3p, and 528b-5p) and 18 down-
regulated (Predict-miR-058, 162, 163, 169, 286, 292, 344, 368, 374, 426, 431, 453, 462, 
471, 529, 574, 612, 613) miRNAs in Mp719 3357-Mp719 21882, and they might be part 
of resistance mechanisms related to the maize response to aflatoxin production. 
The comparison of differential expression of maize miRNAs between the 
inoculation and control samples in Mp719 and Va35 is shown in Figures 4.10 and 4.11. 
Three miRNAs including Predict-miR-361, zma-miR159f-3p, and zma-miR160c-5p had 
similar differential expression (one upregulated and two downregulated) in the Mp719 
H2O–Mp719 Control and Va35 H2O–Va35 Control samples, and they might represent a 
physical damage response by inoculation of water to the maize lines (Figures 4.10 and 
4.11). Most of the targets for these miRNAs were uncharacterized proteins. The 21 
miRNAs (Predict-miR-064, 075, 159, 168, 228, 374, 385, 452, 528, 616, zma-miR164c-
5p, 164h-5p, 166a-5p, 167e-5p, 168a-3p, 168b-3p, 408b-3p, 528a-3p, 528a-5p, 528b-5p, 
and 1432-5p) that were differentially expressed in Mp719 but not in Va35 might play a 
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role in the resistance of Mp719 to fungal infection, in explaining how maize kernels 
respond to the initial infection (Figures 4.10 and 4.11). In these comparisons, it was also 
noteworthy that the maize miRNAs were more differentially expressed in the resistant 
line (Mp719 H2O–Mp719 Control) than the susceptible line (Va35 H2O–Va35 Control) 




Figure 4.10 Heat map of differentially expressed Z. mays miRNAs comparing 
inoculations in the resistant maize line 
The differential expression of maize miRNAs is indicated when the log2(Fold Change) 
values are larger or equal to 1. Decreased expression is represented by a green color, 
while increased expression is represented by a red color, with the brightness indicating 





Figure 4.11 Heat map of differentially expressed Z. mays miRNAs comparing 
inoculations in the susceptible maize line 
The differential expression of maize miRNAs is indicated when the log2(Fold Change) 
values are larger or equal to 1. Decreased expression is represented by a green color, 
while increased expression is represented by a red color, with the brightness indicating 
relative intensity. Significance of the differential expression is determined by FDR (p <= 
0.05). 
When comparing the A. flavus inoculated and control (non-inoculated) samples 
(Mp719 3357–Mp719 Control, Mp719 21882–Mp719 Control, Va35 3357–Va35 
Control, Va35 21882–Va35 Control), four miRNAs – Predict-miR-369, Predict-miR-559, 
Predict-miR-621, and zma-miR167g-3p – were found to share similar differential 
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expression patterns across all four comparisons (Figures 4.10 and 4.11). Again, a major 
portion of these targets were uncharacterized (Table S1). These miRNAs could be part of 
the response to A. flavus infection as well. 
Except for those miRNAs that were similarly differentially expressed in either 
Mp719 H2O–Mp719 control or Mp719 21882-Mp719 control samples, eleven miRNAs 
(Predict-miR-057, 072, 104, 106, 149, 274, 388, 612, 613, zma-miR156i-5p, and 171i-
3p) had decreased expression and twenty-two miRNAs (Predict-miR-222, 306, 351, zma-
miR156f-3p, 159a-3p, 159b-3p, 159j-3p, 159k-3p, 164a-5p, 164b-5p, 164d-5p, 164f-3p, 
167b-5p,167e-3p, 168a-5p, 168b-5p, 169k-5p, 319d-5p, 390b-5p, 395f-3p, 529-3p, 529-
5p) had increased expression in Mp719 3357–Mp719 control (Figure 4.10). Except for 
those that were similarly differentially expressed in either Va35 H2O–Va35 control or 
Va35 21882–Va35 control, three (Predict-miR-129, 379, zma-miR171d-3p) had 
decreased expression and two (Predict-miR-465 and zma-miR528a-5p) with increased 
expression in Va35 3357–Va35 control (Figure 4.11). None of these miRNAs had similar 
expression when compared with the Mp719 3357-Mp719 control samples. The 
differentially expressed miRNAs in the comparison of Mp719 3357 to Mp719 control 
may play a role in resistant maize response to aflatoxin production, that is distant from 
the response to either inoculation or A. flavus growth. 
RT-qPCR 
The qPCR analysis of the 135 A. flavus milRNAs identified by Bai et al. (2015) 
was performed to better understand the expression of these milRNAs in the two maize 
lines inoculated with the A. flavus 3357 or 21882 strain. Several milRNAs, shown in 
Figure 4.12, including Afl-milR-12, 16, 19, 22, 25, 27, 29, 31 and 39 had more than 50-
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fold downregulation when compared the Mp719-3357 to Va35-3357 samples. These 
milRNAs were not differentially expressed under the experimental conditions described 
by Bai et al. (2015); however, one milRNA (Afl-milR-33) was found to be upregulated 
and it might be involved in the biosynthesis of ustiloxin B. Two of these milRNAs (Afl-
milR-7 and Afl-milR-92) were identified from the small RNA-seq experiments reported 
here, but neither was differentially expressed under our experimental conditions. 
These milRNAs with high levels of differential expression, particularly Afl-milR-
12, may represent a response by A. flavus to the growth on a resistant compared to a 
susceptible host. These milRNAs, along with milRNAs and miRNAs described 






















































































































































































































































































































































This research has provided insight into the host-pathogen relationship between A. 
flavus and maize at the molecular level. The small RNA sequencing analysis identified 62 
A. flavus milRNAs and 523 Z. mays miRNAs that were previously undescribed. 
Differential expression analysis of A. flavus milRNAs and Z. mays miRNAs via 
comparison under different experimental conditions would be useful for studying the 
mechanisms of maize response to fungal inoculation, A. flavus growth, and aflatoxin 
production. So far, no A. flavus milRNAs were found to be related to aflatoxin 
biosynthesis; however, some of the differentially expressed maize miRNAs were shown 
to target the mRNA of chitinases, proteases, and other proteins relevant to antifungal 
activity, although they are not the enzymes that are known as antifungals (De Lucca et al. 
2005). 
Further research into the maize miRNAs in response to inoculation, A. flavus 
growth, and aflatoxin biosynthesis may lead to a better understanding of maize resistance 
to A. flavus and aflatoxin production. Additionally, these miRNAs may also respond to 
other pathogens affecting corn, and the identified miRNAs could be used by other 
agriculturally important plants to protect against the infection by pathogens. This research 




Another path for this research is toward the development of either A. flavus 
milRNAs or maize miRNAs as biomarkers of A. flavus infection and aflatoxin 
production. Although aflatoxin biomarkers have traditionally been metabolites (Kensler 
et al. 2011; Lau et al. 2006; Wild 2002), small non-coding RNAs like miRNAs have been 
presented as an additional avenue for biomarkers that, with next-generation sequencing 
technology, could be cheap and easy to quantify (Lopez et al. 2015). The research from 
this study has provided a promising number of A. flavus milRNAs and maize miRNAs 
that could be utilized as biomarkers of either A. flavus growth or aflatoxin production. 
With further investigation, these hypothetical biomarkers could enhance the current 
methods of testing for aflatoxin contamination in maize and other affected agricultural 
products, which could have impacts on the global economy and health worldwide. 
This research adds to the growing number of known fungal milRNAs. Recently, 
milRNAs have been identified in an increasing number of fungal species including 
Neurospora crassa, Fusarium oxysporum, Penicillium spp., and others (Lau et al. 2013; 
Wang et al. 2017; Dahlmann and Kück 2015; Lin et al. 2015; Zhou et al. 2012; Kang et 
al. 2013; Liu et al. 2016; Yang et al. 2013; Huang and Evans 2016; Jiang et al. 2017; 
Chen et al. 2014; Zhou et al. 2012; Mueth et al. 2015; Lau et al. 2017). These results 
provide important insight into various fungal pathogens, and overall there is a generally 
standardized method of milRNA prediction. However, many methods utilize the miRNA 
database (miRBase) to identify homologous sequences, with the majority of newly found 
milRNAs having no homologous sequences (Jiang et al. 2017; Lin et al. 2015; Zhou et al. 
2012; Zhou et al. 2012; Kang et al. 2013; Liu et al. 2016; Lau et al. 2013; Chen et al. 
2014). This is likely due to the lack of fungal milRNAs in miRBase. Inclusion of all 
 
87 
miRNAs and milRNAs in the database could help to better understand the evolution of 





This research has identified 62 new A. flavus milRNAs and 523 undescribed Z. 
mays miRNAs. Based on differential expression of RNA-seq data, the milRNA and 
miRNA response to the experimental conditions have been described. Several miRNAs 
responding to A. flavus infection, growth, and aflatoxin production, as well as possibly 
having a role in maize resistance to A. flavus were identified. With further investigation, 
these small RNAs could be utilized as biomarkers of A. flavus growth or aflatoxin 
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Table A.1 Primers for RT-qPCR analysis of 135 milRNAs (Afl-milR-1~135) 
Name Primer Sequence Tm (°C) 
Afl-milR-1 5'-GCTGGTATCTGCGAACGACTTGC-3' 60.4 
Afl-milR-2 5'-GGCAAGATGACCGAGTGGTTA-3' 57.0 
Afl-milR-3 5'-GGCGAGATGGCCGAGCGGTCT-3' 66.5 
Afl-milR-4 5'-GTGGAGGATTGGGACGGGGT-3' 61.8 
Afl-milR-5 5'-CTTTGGAGGGATTGGTGGGA-3' 57.0 
Afl-milR-6 5'-GAGGGCGGAGAGGGGTGGAA-3' 63.9 
Afl-milR-7 5'-GTGGGAGGTTGAGTGGGTGGTA-3' 60.8 
Afl-milR-8 5'-TTTTGTGGAATCTGCCTCGCGCT-3' 61.7 
Afl-milR-9 5'-GGCGAGATGGCCGAGCGGTCC-3' 67.5 
Afl-milR-10 5'-CTGGATTCGTCCCGGGAACCC-3' 62.3 
Afl-milR-11 5'-AGCGGTCTAAGGCGCACGGTTCA-3' 65.1 
Afl-milR-12 5'-CTTCTATCTCGTCGGGGGTCA-3' 58.0 
Afl-milR-13 5'-CTTTCTGGTTGATGGCGTCGGA-3' 59.7 
Afl-milR-14 5'-AAAGGGGCATGGGTAGTATGA-3' 55.8 
Afl-milR-15 5'-CTGGTCGGGTTTGATGATGGA-3' 57.1 
Afl-milR-16 5'-ATTGCTTGCATGTTCGTTCTGGA-3' 57.6 
Afl-milR-17 5'-CTTTCTCATATATACGTCGGAA-3' 49.4 
Afl-milR-18 5'-CCATGATACTTTGTTGGTCGGA-3' 54.9 
Afl-milR-19 5'-AGCGAGACGACCTGCCTGGCA-3' 65.8 
Afl-milR-20 5'-CATCTCTCTTGTCGGTTCGAGA-3' 56.1 
Afl-milR-21 5'-ATGGGGGTCTGTATGTGATGGA-3' 57.7 
Afl-milR-22 5'-GGAAGTTGATCTTGATTGTTGGA-3' 53.2 
Afl-milR-23 5'-GAGGGGAGAGGGGGCCGTTG-3' 65.0 
Afl-milR-24 5'-TGGCTATCGATCGATCGTCGGA-3' 59.6 
Afl-milR-25 5'-GTGTAGGGTGTGGTAGTGCTC-3' 57.2 
Afl-milR-26 5'-CCTGTCTATCGAGGATTGTTGGA-3' 56.1 
Afl-milR-27 5'-GGATGATAGGTCGGGATGAGA-3' 55.4 
Afl-milR-28 5'-TAGCTATCTCGTGACAGACAAT-3' 52.9 
Afl-milR-29 5'-ACTCCTTGGGCGCATCGTTGGA-3' 63.5 
Afl-milR-30 5'-TTACTGTACATAAGCTAGACA-3' 47.8 
Afl-milR-31 5'-CAAGGATTGTGATTGTTCTGGA-3' 53.1 
Afl-milR-32 5'-CTTGTTCGTCGGGGGGATGGCA-3' 64.1 
Afl-milR-33 5'-GGCGAGATGGCCGAGCGGTC-3' 65.7 
Afl-milR-34 5'-AAGGCGGACGTTGGCGGCTGATA-3' 65.3 
Afl-milR-35 5'-GGCGGACTGCTTCAAACGACGGA-3' 63.9 
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Table A.1 (continued) 
Afl-milR-36 5'-ACTTTAGATGGTCGTGTTGGGGA-3' 58.1 
Afl-milR-37 5'-CATTGTTTAAGCGTCGTTGGAA-3' 54.1 
Afl-milR-38 5'-CCATGGGATTCTAATCGTCGGA-3' 56.4 
Afl-milR-39 5'-GGTTTTGATGATCGTGTCGGA-3' 55.2 
Afl-milR-40 5'-CCTATCGGCATTGTGAGACGGA-3' 58.8 
Afl-milR-41 5'-GTCGTGGTAAGTGTGGCGTCGGA-3' 63.2 
Afl-milR-42 5'-GTTCTCAGCACGATCGGCCGGA-3' 63.7 
Afl-milR-43 5'-CCTAGGACAAGGGCGCACAGAGT-3' 62.9 
Afl-milR-44 5'-GTATCAATGACAGATCGTAAGGA-3' 51.9 
Afl-milR-45 5'-AGGCGACTGGTACATGTATGG-3' 56.6 
Afl-milR-46 5'-ATGGCATTGAATCGGTCGGGA-3' 59.1 
Afl-milR-47 5'-ATGTAGTACTGCATCGTTCTGGA-3' 55.6 
Afl-milR-48 5'-TGGGTGGTGGGGTGGCGATGGCT-3' 69.8 
Afl-milR-49 5'-AGGGGTAGTGGAGGATGAGGAA-3' 59.1 
Afl-milR-50 5'-GGCGTATAAAGGAATGTGCTCTT-3' 55.3 
Afl-milR-51 5'-AGATGTTGACGAGAGTGGGAT-3' 55.5 
Afl-milR-52 5'-TGGGAACTCTTCAATCAGAATGA-3' 53.9 
Afl-milR-53 5'-AAGAAAGGACGGAAGAGCAGG-3' 57.0 
Afl-milR-54 5'-TTGCAGAAGTCGGATAGTGGATG-3' 56.7 
Afl-milR-55 5'-GGCCGAGGCTGATACATGCGT-3' 62.2 
Afl-milR-56 5'-TGGTTGGACTTGCTTTAGGCAT-3' 57.1 
Afl-milR-57 5'-CGGCACGGAGATTGGGGGTCA-3' 64.3 
Afl-milR-58 5'-AGCGGTCTAAGGCGCACGGTTC-3' 64.1 
Afl-milR-59 5'-AGCATGTTAATTCAGGGGAA-3' 51.7 
Afl-milR-60 5'-TAACTCGGTGGATTATGGCAG-3' 54.4 
Afl-milR-61 5'-ACTGGGGGTAGAGTTCACGGTA-3' 59.3 
Afl-milR-62 5'-AACCTAGGACAAGGGCGCAC-3' 60.0 
Afl-milR-63 5'-GTGGGTTGGTTGTGGGTGGTT-3' 60.6 
Afl-milR-64 5'-TAGGTCTGGTCCTTGTGCGGTTT-3' 60.5 
Afl-milR-65 5'-TGAAGAAGTAGACACCAGGCGTT-3' 58.1 
Afl-milR-66 5'-AGGATCTGAGACTGGCCGCGT-3' 62.9 
Afl-milR-67 5'-GCGGGTGGGCGGGCCTGGTG-3' 71.6 
Afl-milR-68 5'-TCAATTGCCCGGATGGTCTAGT-3' 58.3 
Afl-milR-69 5'-GGATGGGCGTAAGATCTACT-3' 53.5 
Afl-milR-70 5'-TCCGTAGAGCTTGCCGGAGGGA-3' 64.3 
Afl-milR-71 5'-TGGCGACTTGTGAACGGAGCAGC-3' 64.1 
Afl-milR-72 5'-TGATGGAAGGATGGTGTTGA-3' 53.7 
Afl-milR-73 5'-TGGGTTTATGGGTAGGTTGGGG-3' 58.9 
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Table A.1 (continued) 
Afl-milR-74 5'-TGGGGAGGGTTTCAGGGAGTGGA-3' 64.1 
Afl-milR-75 5'-CGGGTAGCGGGTCGGGCGGGC-3' 72.2 
Afl-milR-76 5'-AGATGAGAAGGAGAGCGAAGCA-3' 57.9 
Afl-milR-77 5'-TTGGCTGTATGATGGAGGTTT-3' 54.2 
Afl-milR-78 5'-CTGGGGAGGAGAGGGTGATGTTA-3' 59.8 
Afl-milR-79 5'-AGATAGAGGATGAAAGTAGGC-3' 51.0 
Afl-milR-80 5'-GAGGAGAGGGGGGGACGGAC-3' 63.9 
Afl-milR-81 5'-CGGGTCAGGGTGGAGTGCGGGT-3' 68.1 
Afl-milR-82 5'-CGGACTCGAGAGAATGGCGGA-3' 61.0 
Afl-milR-83 5'-GAGGAAGGTGAGGGAAGGGA-3' 58.3 
Afl-milR-84 5'-TTGGGTGTGGTGGGCGGTTTA-3' 61.8 
Afl-milR-85 5'-GAAGAGAACTCGATCGTCGGAGG-3' 58.7 
Afl-milR-86 5'-AGGGTAAAGGGCGGAGCGGGA-3' 65.5 
Afl-milR-87 5'-TGGGCGATGTAGATACACGCGG-3' 61.3 
Afl-milR-88 5'-GAGGCTGGGGAAGGGAGGGA-3' 63.6 
Afl-milR-89 5'-ACGGAGAAGATGGATGAGCCG-3' 59.0 
Afl-milR-90 5'-GCGGGAGAGGGGGTAGGCGTA-3' 65.4 
Afl-milR-91 5'-CGATGGTAGCTGAAGGGTGTC-3' 57.5 
Afl-milR-92 5'-CGGGGTGGAATAGGGGGAGGAG-3' 63.3 
Afl-milR-93 5'-ACGGGAGTGGACAGGAGTGGGT-3' 64.4 
Afl-milR-94 5'-TTCGCGCTGGGATGGATAATTG-3' 57.8 
Afl-milR-95 5'-GGGGGCGGGTGGAGAGCGGAT-3' 68.8 
Afl-milR-96 5'-CCGCAACGGCTGTGCGAGGTGTA-3' 66.1 
Afl-milR-97 5'-TGGGGTGGATGTGGAAGCGGGCT-3' 67.4 
Afl-milR-98 5'-GTGGGATGGGGCTGGGATGGTA-3' 63.4 
Afl-milR-99 5'-AGGGGTAGGGCTAGGGTGGC-3' 63.7 
Afl-milR-100 5'-GAGGGTTGGGCTGGACGGGA-3' 64.4 
Afl-milR-101 5'-TGGACAGGTCTATGATGGCGATT-3' 58.0 
Afl-milR-102 5'-GTGGCGGGCATAGTGGAGGGC-3' 65.4 
Afl-milR-103 5'-GGATGTTGGCGAGGAAGGCGA-3' 62.2 
Afl-milR-104 5'-GCATGGAACGGTAGCGGCAAGTG-3' 62.9 
Afl-milR-105 5'-TGGGGTGGGATGGGTTGGCT-3' 64.2 
Afl-milR-106 5'-TCCGGCTGTACTATAAATCGG-3' 53.9 
Afl-milR-107 5'-TTGGGAGGGGGTGGAAGGAA-3' 60.9 
Afl-milR-108 5'-AGGAAGTGGTGTAGACAGTCC-3' 55.9 
Afl-milR-109 5'-GCGGGTTAGGAGGAGGTCGGG-3' 64.0 
Afl-milR-110 5'-GCGGGTGGTGGGGCGAAGGTGAC-3' 68.9 
Afl-milR-111 5'-GGGGGGGGGAAGGACGGGTT-3' 67.0 
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Table A.1 (continued) 
Afl-milR-112 5'-TTCTGACATGAATGGCAACTCA-3' 54.6 
Afl-milR-113 5'-AAGTAGTAGAATGTGGATAAAGA-3' 48.7 
Afl-milR-114 5'-TGGTTGTAGCTGGCGATGGAAGT-3' 60.8 
Afl-milR-115 5'-AGAAGTGGGTGTTGAGAGGACTC-3' 58.2 
Afl-milR-116 5'-GGTTTTGGAATGTATCGGTGT-3' 53.1 
Afl-milR-117 5'-TCGGGTGGAGAGTGTGGCGGATG-3' 65.1 
Afl-milR-118 5'-TGACTGGAGTGGTTGGATGTTGG-3' 59.2 
Afl-milR-119 5'-TGGGGAAGAGCTGAGGGAGGGGA-3' 65.8 
Afl-milR-120 5'-AGGGTAGGGTAGGTAGAGGGC-3' 59.5 
Afl-milR-121 5'-AGATGAGTGGCGGTAGACGCAA-3' 60.6 
Afl-milR-122 5'-TGGTTGGGTAGGGGTGAGGTC-3' 60.9 
Afl-milR-123 5'-TGGGGTTGTGTGGATGGGGGC-3' 64.9 
Afl-milR-124 5'-CAGGATGTGGGGGGGCGGCTCG-3' 69.2 
Afl-milR-125 5'-GGGGGGGTGGGGGCGGAGTAGA-3' 69.8 
Afl-milR-126 5'-CCGGGGGGGTGGGCGGCGAC-3' 73.6 
Afl-milR-127 5'-TTGAACACTGACCAAGCTTA-3' 52.2 
Afl-milR-128 5'-GAGGGAGGATGATGTGGAGGTC-3' 58.8 
Afl-milR-129 5'-AAGGGCTTGGTTAACGGAGTCAT-3' 58.6 
Afl-milR-130 5'-GTGGGCTAACGAGGAGGGTTG-3' 60.0 
Afl-milR-131 5'-TGGGTTTGTGGTTGTGGAGGTTG-3' 60.1 
Afl-milR-132 5'-GTGGGAGGGAGGAGGAGGAT-3' 60.4 
Afl-milR-133 5'-AGGGTGTGGTAGGGAAGGGG-3' 61.1 
Afl-milR-134 5'-AGGGTTTCTGGAGTGGCGATG-3' 59.5 
Afl-milR-135 5'-TGCAGTTCGTTGGCGGCAGT-3' 62.8 
 
The targets of Z. mays miRNA targets are listed in Table S.1 and are accessible in 
Harper_Supplemental File.xlsx. 
 
